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Abstract: Endotoxins are cell wall components of Gram-negative bacteria. A release of endotoxins
into the human blood stream results in an inflammation reaction that can lead to life-threatening
conditions like sepsis. Therefore, control for endotoxin contamination of intravenously administered
drugs is crucial. Drugs are usually tested for putative endotoxin contamination with Limulus-based
tests. However, validity of the compendial test procedures is questioned in the case of low endotoxin
recovery (LER). To assure validity, regulatory authorities request hold-time studies of endotoxin
in addition to pharmacopoeial requirements. Within these studies, endotoxin is added (spiked) to
an undiluted product. The spiked product is held for a certain period of time and subsequently
diluted for endotoxin determination. Due to the known heterogeneity of endotoxin the question has
been raised as to which source represents the most adequate endotoxin spike. In the present study,
endotoxin hold-time studies were analyzed by using different sources of endotoxin. Highly purified
endotoxin, crude endotoxin extracts (Naturally Occurring Endotoxin) from different bacterial species
and varied growth conditions as well as endogenous endotoxin contaminations were investigated.
The results clearly demonstrate that endotoxin masking—an effect of LER—is dependent on the
endotoxin source used. Various parameters such as bacterial strain and growth conditions lead to
different masking susceptibilities. Due to these effects it is impossible to predict the susceptibility of
bacterial endotoxin contamination to LER. In order to determine whether a sample is prone to LER,
an endotoxin spike that is susceptible to LER is required.
Keywords: low endotoxin recovery; endotoxin; lipopolysaccharide; limulus amoebocyte lysate;
naturally occurring endotoxin; bacterial endotoxin testing; masking
1. Introduction
Endotoxins play an important role in the pathogenesis and manifestation of Gram-negative
infections and in particular of septic shock. Lipopolysaccharides (LPS) are the dominating constituents
of the outer leaflet of the outer membrane of Gram-negative bacteria ([1]). Therefore, the terms
endotoxin and LPS are used interchangeably ([1–4]). Because the structures of LPS can vary significantly
in its O-antigen, core region and lipid A, not all endotoxins possess the same toxicity [5]. In order to
detect endotoxins, diverse detection methods like the rabbit pyrogen test [6,7], the monocyte activation
test ([8–10], and the Limulus-based tests methods [11–14] are used. These methods have been used for
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decades in the pharmaceutical industry to test for potential contaminations of drug products with
bacterial endotoxins. Due to their simplicity and high sensitivity [15,16], the Limulus-based tests are
the most commonly used methods [15,16]. However, the effectiveness of the current test procedures is
under debate regarding Low Endotoxin Recovery (LER). In 2013, Chen and Vinther presented LER,
a masking effect of endotoxin in a matrix containing a chelator and a surfactant [17]. They showed
that endotoxin spiked into an undiluted sample could not be recovered by dilution or by magnesium
replacement, two methods commonly used to overcome test inhibition. After public recognition of the
LER phenomenon, some publicized [4,18–22], and many not publicly accessible endotoxin recovery
studies of biopharmaceutical drug products and their formulations were performed by endotoxin test
providers, contract labs, and pharmaceutical companies. LER is defined as the inability to recover
more than 50% activity over time when endotoxin is added to an undiluted product. LER cannot be
overcome by dilution. LER and the associated masking effects have been widely confirmed, especially
when tested drug products contained surfactants and chelators. Hold-time experiments are usually
performed using standardized endotoxins such as the reference standard endotoxin (RSE) or the control
standard endotoxin (CSE) as spike. However, since bacterial endotoxin tests are commercially used,
the source and preparations of appropriate standard endotoxin are under debate [16]. The primary
standard in bacterial endotoxin testing (BET) is RSE, which is endotoxin from E. coli O113:H10:K
negative. RSE is purified in several steps including hot phenol-extraction [23]. For better handling,
lactose and polyethylene glycol are added. This standard is accepted worldwide and sets the baseline
for secondary standards. Because of limited RSE-availability, vendors of Limulus-based test systems
distribute secondary standards which are calibrated against RSE. The preparations of such secondary
standards are inspired by RSE, but the source can differ from E. coli O113. Exact production processes
and formulations are not published. Since LER hold-time studies are widely performed, the source
of the endotoxin is controversially discussed. It is especially debated, whether LER is dependent on
the source of endotoxin [18,19,22,24,25]. Obviously, depending on source, preparation, and degree of
purification, the LPS itself and the accompanying matrix components can vary respectively [26,27].
For instance, endotoxins from different bacteria can differ in their molecular structures [28,29]. There
are differences in the lipid A (e.g., acylation), core region (e.g., substitution of sugar units) and
O-antigen (e.g., distribution of sugar units). Moreover, depending on the preparation, endotoxin
suspensions may vary in their compositions. For example, crude endotoxin extracts of bacteria, also
known as Naturally Occurring Endotoxin (NOE), may contain substantial amounts of lipids and
proteins, whereas phenol-extracted endotoxin preparations may only contain limited amounts of
hydrophobic matrix components. Some experiments have proposed that the detectability of selected
endotoxins in complex samples might be more robust compared to the detectability of commercially
available standard endotoxins [18,19,30]. Therefore, endotoxins from different bacteria, grown under
manipulated conditions, crude and highly purified endotoxins, as well as endogenous endotoxins
were analyzed with regard to their detectability in a polysorbate/citrate matrix in the present study.
2. Results
2.1. Preparation and Characterization of Naturally Occurring Endotoxin (NOE)
In order to study the masking susceptibility of endotoxins from different bacteria, crude
suspensions of bacterial endotoxin (NOE) were prepared from E. coli, E. cloacae, S. marcescens,
P. aeruginosa, B. cepacia, S. maltophilia and R. pickettii. All bacteria were grown under equal, controlled,
and defined conditions (See material and methods “prep a” for details). After 18 h of growth, the
absorbance at OD (optical density) = 600 nm of all bacterial suspensions was determined as growth
control (Table 1). While the bacterial culture of E. coli and E. cloacae showed the highest absorbance
values at 600 nm (>1.7), lower absorbance values were obtained for S. maltophilia and B. cepacia
(<0.7) (Table 1). This result indicating varying growth characteristics of different bacteria under fixed
growth conditions.
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Table 1. Correlation of bacterial growth behavior and endotoxin activity. To monitor the growth of
different Gram negative bacterial species (E. coli O55:B5, E. coli O113, E. cloacae, S. marcescen, P. aeruginosa,
B. cepacia, S. maltophilia and R. pickettii), the OD 600 was determined before harvesting and correlated




E. coli O55:B5 1.9 146,174
E. coli O113 1.7 402,789
E. cloacae 1.7 189,103
S. marcescens 1.4 116,175
P. aeruginosa 0.9 8595
B. cepacia 0.7 357
S. maltophilia 0.3 4557
R. pickettii 0.8 77,815
Endotoxins are usually incorporated into the bacterial cell wall. During active proliferation,
however, substantial amounts of endotoxins are released into the growth media via exocytosis. Thereby
outer membrane vesicles (OMV), LPS monomers or fragments of the bacterial outer membrane
resulting from disrupted bacterial cells can be released. All of these particles, besides the actual
bacteria, contribute to the endotoxicity (detectable endotoxin activity with bacterial endotoxin test)
of the sample. In order to prepare sterile endotoxin spike material, sterile-filtrated supernatants of
bacterial suspensions were used and endotoxin activity determined. As a consequence, bacterial
cells and bigger breakdown products are removed and their activity does not contribute under given
conditions. The measured endotoxin activity of the filtrate of different bacteria suspensions spanned a
broad range from approximately 400 to 400,000 EU/mL, although equal growth conditions were used
for all stains. Only a weak correlation between the measured OD 600 and endotoxin activity values
was observed.
The endotoxicity of different species varies, indicating that endotoxicity seems to
be species-dependent.
Endotoxins were applied to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and detected by silver staining (Figure 1). The typical ladder pattern of LPS could
be observed in most lanes. The varying intensities of the bands reflect different concentrations, which
were approximately in agreement with the detected activities (Figure 1 and Table 1). Upon closer
examination, variations in the arrangement of bands between the different endotoxin samples could
be observed.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 15 
 
 
Figure 1. Analysis of crude bacterial extracts. A sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) of the crude extracts was silver-stained. The lanes reflect endotoxins 
from E. coli O55:B5 (1), E. coli O113 (2), E. cloacae (3), S. marcescens (4), P. aeruginosa (5), B. cepacia (6), S. 
maltophilia (7) and R. pickettii (8). 
These reflect different molecular structures and again confirm the heterogeneity of endotoxins. 
Taken together, crude preparations of endotoxin from different species grown at the same growth 
conditions show a variable endotoxicity and are heterogeneous in their structure. 
2.2. Analysis of the Masking Ability of Different NOE 
Recent publications have questioned the LER phenomenon. They showed that a “laboratory-
derived endotoxin from E. coli“ was not masked after spiking it into three different batches of a 
monoclonal antibody formulated in a polysorbate 80/citrate buffer [18]. Similar results were obtained 
using a Natural Occurring Endotoxin from Enterobacter cloacae [25,31]. To challenge these 
observations, NOEs derived from eight different bacterial strains (E. coli O55:B5, E. coli O113, E. 
cloacae, S. marcescens, P. aeruginosa, B. cepacia, S. maltophilia and R. pickettii), grown under similar 
conditions, as described in the chapter above, were used as an endotoxin spike for masking 
experiments in a polysorbate 20/citrate matrix (Table 2 and Figure 2). Crude extracts of endotoxin 
from E. coli, E. cloacae and S. maltophilia resulted in low recovery already at day 0. In contrast, 
endotoxin from S. marcescens, P. aeruginosa, and R. pickettii showed a gradual loss of recovery over 
time. The endotoxin from B. cepacia could be detected over time and showed no trend in reduced 
activity. 
Table 2. Hold time study using naturally occurring endotoxins (NOEs) from different species. The 
hold time study was performed over 7 days using the prepared NOEs for different species. All 
recoveries in percentage were calculated based on the water control at t(0). 
Masking Time 
in Days 
Endotoxin Recoveries based on the Water Control t(0) (%) Activity of the water 
control (EU/mL) 0 1 2 3 7 
E. coli O55:B5 32 7 8 2 0 40.9 
E. coli O113 42 0 0 0 0 64.7 
E. cloacae  20 4 1 0 0 50.9 
S. marcescens 106 46 29 12 8 60.5 
P. aeruginosa 135 29 25 23 16 79.6 
B. cepacia 248 81 141 92 113 48.5 
S. maltophilia 20 1 1 0 0 37.9 
R. pickettii  108 73 80 71 55 68.4 
i r 1. l i act ri l extracts. l l
l t ( ) of the crude extracts was silver-stained. l reflect endotoxi s
fr . , . coli 113 (2), E. cloacae (3), S. marcescens (4), P. aeruginosa (5), B. cepacia (6),
S. maltophilia (7) and R. pickettii (8).
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These reflect different molecular structures and again confirm the heterogeneity of endotoxins.
Taken together, crude preparations of endotoxin from different species grown at the same growth
conditions show a variable endotoxicity and are heterogeneous in their structure.
2.2. Analysis of the Masking Ability of Different NOE
Recent publications have questioned the LER phenomenon. They showed that a
“laboratory-derived endotoxin from E. coli” was not masked after spiking it into three different
batches of a monoclonal antibody formulated in a polysorbate 80/citrate buffer [18]. Similar results
were obtained using a Natural Occurring Endotoxin from Enterobacter cloacae [25,31]. To challenge these
observations, NOEs derived from eight different bacterial strains (E. coli O55:B5, E. coli O113, E. cloacae,
S. marcescens, P. aeruginosa, B. cepacia, S. maltophilia and R. pickettii), grown under similar conditions,
as described in the chapter above, were used as an endotoxin spike for masking experiments in a
polysorbate 20/citrate matrix (Table 2 and Figure 2). Crude extracts of endotoxin from E. coli, E. cloacae
and S. maltophilia resulted in low recovery already at day 0. In contrast, endotoxin from S. marcescens,
P. aeruginosa, and R. pickettii showed a gradual loss of recovery over time. The endotoxin from B. cepacia
could be detected over time and showed no trend in reduced activity.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 5 of 15 
 
 
Figure 2. Hold time study using NOEs of different species. Endotoxin recovery over seven days at 
room temperature are shown for different species (E. coli O55:B5 (a), E. coli O113 (b), E. cloacae (c), S. 
marcescens (d), P. aeruginosa (e), B. cepacia (f), S. maltophilia (g) and R. pickettii (h)). For spiking, a 10-
fold concentrated stock solution was prepared. The concentration of the water controls corresponding 
to the activities (EU/mL) are shown in (i). For the recovery experiments, the crude extracts were 
spiked into 0.05% (w/v) polysorbate 20 and 10 mM sodium citrate. The recoveries were determined 
after 0, 1, 2, 5 and 7 days. All recoveries were calculated based on the corresponding water control at 
time point 0. 
These results show, in clear contrast to the aforementioned data, that NOEs from different 
bacteria, but grown and prepared under equivalent conditions, exhibit different masking 
susceptibilities and can be masked in a polysorbate 20/citrate matrix. 
2.3. Analysis of the Masking Ability of Different NOEs Depending on Their Growth Conditions 
Every preparation of LPS is a heterologous mixture of various LPS molecules [32,33]. While all 
LPS molecules contain the lipid A moiety and polysaccharides, the degree of acylation, substituents 
(e.g., aminoethanol) as well as the sugars (e.g., O-antigen) varies. Additionally, bacteria might adapt 
to the environmental growth conditions, which results in modifications of the LPS molecule. One 
potential change due to environmental conditions is the modification of an LPS-phosphate group 
with an amino-arabinose group [34]. In order to exclude that the observed masking effects of NOEs 
in a polysorbate 20/citrate matrix were caused by growth conditions, we performed a similar 
experiment with endotoxin derived from two different growth conditions. Three bacterial strains, E. 
coli O113, P. aeruginosa and B. cepacia were grown under conditions including either rich-nutrition 
media (100% LB) at elevated temperatures (37 °C) or low-nutrition (1% LB) at room temperatures 
(prep b). NOEs were prepared as described before. A buffer containing 10 mM sodium citrate and 
0.05% (w/v) polysorbate 20 was spiked with 100 EU/mL from both preparations and held for up to 7 
days, respectively (Figure 3a). The endotoxin from E. coli O113 was not recovered independent of 
growth conditions after one day of masking. In contrast, the recoveries of crude extract from B. capecia 
showed no significant decline (Recovery >50%), independent of growth condition (Figure 3b). 
Recovery of endotoxin from P. aeruginosa depend on growth conditions (Figure 3c). For both P. 
. i i .
r s o n for di ferent species (E. coli O 5:B5 (a), E. coli O113 (b), E. cloacae (c),
S. marcescens (d), P. aeruginosa ( ), ia (f), S. maltophil a (g) and R. pickettii (h)). For spiking, a 10-fold
c ncentrated stock solution was prepared. The con e tration f the water controls corresponding to
he activi es (EU/mL) are shown in (i). For the recovery experiments, the crud extracts were piked
into 0.05% (w/v) polysorbate 20 and 1 mM sodium citrate. The recov ri s w e determined after 0,
1, 2, 5 and 7 d ys. All recove ies wer calculated b s on the corr sponding water control a time
point 0.
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Table 2. Hold time study using naturally occurring endotoxins (NOEs) from different species. The hold
time study was performed over 7 days using the prepared NOEs for different species. All recoveries in
percentage were calculated based on the water control at t(0).
Masking Time in Days Endotoxin Recoveries Based on the Water Control t(0) (%) Activity of the Water Control (EU/mL)
0 1 2 3 7
E. coli O55:B5 32 7 8 2 0 40.9
E. coli O113 42 0 0 0 0 64.7
E. cloacae 20 4 1 0 0 50.9
S. marcescens 106 46 29 12 8 60.5
P. aeruginosa 135 29 25 23 16 79.6
B. cepacia 248 81 141 92 113 48.5
S. maltophilia 20 1 1 0 0 37.9
R. pickettii 108 73 80 71 55 68.4
These results show, in clear contrast to the aforementioned data, that NOEs from different bacteria,
but grown and prepared under equivalent conditions, exhibit different masking susceptibilities and
can be masked in a polysorbate 20/citrate matrix.
2.3. Analysis of the Masking Ability of Different NOEs Depending on Their Growth Conditions
Every preparation of LPS is a heterologous mixture of various LPS molecules [32,33]. While all
LPS molecules contain the lipid A moiety and polysaccharides, the degree of acylation, substituents
(e.g., aminoethanol) as well as the sugars (e.g., O-antigen) varies. Additionally, bacteria might adapt
to the environmental growth conditions, which results in modifications of the LPS molecule. One
potential change due to environmental conditions is the modification of an LPS-phosphate group with
an amino-arabinose group [34]. In order to exclude that the observed masking effects of NOEs in a
polysorbate 20/citrate matrix were caused by growth conditions, we performed a similar experiment
with endotoxin derived from two different growth conditions. Three bacterial strains, E. coli O113,
P. aeruginosa and B. cepacia were grown under conditions including either rich-nutrition media (100% LB)
at elevated temperatures (37 ◦C) or low-nutrition (1% LB) at room temperatures (prep b). NOEs were
prepared as described before. A buffer containing 10 mM sodium citrate and 0.05% (w/v) polysorbate
20 was spiked with 100 EU/mL from both preparations and held for up to 7 days, respectively
(Figure 3a). The endotoxin from E. coli O113 was not recovered independent of growth conditions after
one day of masking. In contrast, the recoveries of crude extract from B. capecia showed no significant
decline (Recovery >50%), independent of growth condition (Figure 3b). Recovery of endotoxin from
P. aeruginosa depend on growth conditions (Figure 3c). For both P. aeruginosa preparations the same
recovery trends are observed, but the recovery dropped below 50% already within one day (bacteria
grown at 37 ◦C using 100% LB media). For the second preparation, the recovery dropped below 50%
only after 2 days. Thus, modified growth conditions resulted in diverging masking kinetics.
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Figure 3. Masking ability of different NOEs depending on the growth condition. Endotoxin recovery 
was plotted as function of incubation time. 100 EU/mL endotoxin from different bacteria ((a) E. coli 
O113:H21, (b) B. cepacia and (c) P. aeruginosa) were spiked into samples containing 10 mM sodium 
citrate and 0.05% (w/v) polysorbate 20 and incubated at room temperature (RT). The used endotoxin 
extracts were derived from two different bacterial growth conditions. Squares reflect recovery of 
endotoxin from bacteria grown at 37 °C using 100% LB media. Triangles reflect recovery of endotoxin 
from bacteria grown at room temperature using 1% (v/v) LB media. Each endotoxin was prepared in 
triplicate. The corresponding endotoxin measurements of three repetitions were analyzed on the same 
microtiter plate. For calculation of the data points the mean value of the three individual preparations 
was used. The error bars represent the standard deviation of the three replicates. 
Taken together, this result demonstrates that masking can be dependent on the growth 
conditions and the nutrition content in the media. 
2.4. Comparison of the Masking Behavior of Purified Lipopolysaccharides (LPS) and NOE 
For this study we analyzed NOEs from different species. However, in the pharmaceutical 
industry purified LPS preparations are used as reference standard endotoxin and as control standard 
endotoxin. These standards are purified by phenol-chloroform extraction and further steps (e.g., size 
exclusion chromatography). They are the endotoxin of choice when masking is analyzed in hold-time 
studies. As most of the studies that are used to analyze masking and its mechanism are performed 
using purified LPS preparations [20,21,35], masking for purified LPS preparations is well established. 
Purification of spike material is the basis for standardization because of its required identity and 
known purity [36]. To further evaluate the impact of endotoxin purification, endotoxins from one 
bacterial species (E. coli O55:B5) were prepared by different methods and subsequently analyzed. 
Phenol-extracted endotoxin and crude supernatants of bacterial suspension were spiked into a 
polysorbate 20/citrate matrix and incubated for up to six days at room temperature (Figure 4a). Both 
preparations showed no recovery after one day of incubation, which confirms the pronounced 
masking susceptibility of endotoxin from E. coli. 
Due to the fast kinetics of masking, the experiment was also performed at decreased incubation 
temperature 2 to 8 °C (Figure 4b). The reduced incubation temperature was chosen, as endotoxin 
masking can be decelerated, allowing a better resolution of slight differences in masking 
susceptibilities (Figure 4b). After 2 days of incubation, 50% and 14% after 14 days of the initial 
endotoxin content could be detected within the NOE at 2 °C to 8 °C. In comparison, the recovery of 
phenol-extracted endotoxin was already low after one day of incubation (27%) and no significant 
endotoxin content was detectable after three days of incubation. At lower incubation temperature the 
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citrate and 0.05 ( /v) polysorbate 20 and incubated at roo te perature (RT). The used endotoxin
extracts ere derived fro t o different bacterial gro th conditions. Squares reflect recovery of
endotoxin fro bacteria gro n at 37 ◦C using 100 LB edia. Triangles reflect recovery of endotoxin
fro bacteria grown at roo te perature using 1% (v/v) LB edia. Each endotoxin was prepared in
triplicate. The corresponding endotoxin measurements of three repetitions were analyzed on the same
microtiter plate. For calculation of the data points the mean value of the three individual preparations
was used. The error bars represent the standard deviation of the three replicates.
Taken together, this result demonstrates that masking can be dependent on the growth conditions
and the nutrition content in the media.
2.4. Comparison of the Masking Behavior of Purified Lipopolysaccharides (LPS) and NOE
For this study we analyzed NOEs from different species. However, in the pharmaceutical industry
purified LPS preparations are used as reference standard endotoxin and as control standard endotoxin.
These standards are purified by phenol-chloroform extraction and further steps (e.g., size exclusion
chromatography). They are the endotoxin of choice when masking is analyzed in hold-time studies.
As most of the studies that are used to analyze masking and its mechanism are performed using purified
LPS preparations [20,21,35], masking for purified LPS preparations is well established. Purification of
spike material is the basis for standardization because of its required identity and known purity [36].
To further evaluate the impact of endotoxin purification, endotoxins from one bacterial species (E. coli
O55:B5) were prepared by different methods and subsequently analyzed. Phenol-extracted endotoxin
and crude supernatants of bacterial suspension were spiked into a polysorbate 20/citrate matrix and
incubated for up to six days at room temperature (Figure 4a). Both preparations showed no recovery
after one day of incubation, which confirms the pronounced masking susceptibility of endotoxin from
E. coli.
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Figure 4. Differences in the masking behavior of purified endotoxins and NOEs. Recovery of 
endotoxin from E. coli O55:B5 is shown over incubation time. 100 EU/mL of gel-filtrated endotoxin 
(black bars) and sterile filtrated bacterial suspension (grey bars) were spiked into samples containing 
10 mM sodium citrate and 0.05% (w/v) Polysorbate 20. The samples were incubated up to 14 days at 
RT (a) and 4 °C (b). 
In consequence, endotoxin-masking kinetics can be affected by the extraction method of 
endotoxin, but the kinetics rather depends on the source of bacteria than on the purification state of 
the endotoxin. 
2.5. Masking Behavior of an Endogenous Endotoxin Contamination 
For all of the examples above, the source of endotoxin was known. Endotoxins were consciously 
added to samples containing surfactants and chelators. In order to examine a real endotoxin 
contamination, the detectability of an endogenous contaminated monoclonal antibody was analyzed. 
The lyophilized antibody was solubilized in four different chelator-containing buffer systems (A: 25 
mM sodium citrate pH 6.5, B: 10 mM sodium citrate pH 7.5, C: 160 mM trehalose and 10 mM sodium 
phosphate pH 6.2 and D: 10 mM sodium phosphate pH 7.5). An average endotoxin activity of 135 
EU/mL and 114 EU/mL was determined before and after sterile filtration, respectively (Figure 5a). 
The different buffer systems as well as the filtration had no major effects on the detectability of the 
endogenous endotoxin contamination of the antibody. Only small differences between the activity 
before and after the filtration step were observed. As expected, no masking was observed in the buffer 
systems containing only the chelating agent. As is known from previous studies on the mechanism 
of LER [20,21], masking is driven by a simultaneous presence of a surfactant (e.g., Polysorbate 20 or 
Polysorbate 80) and a chelator (e.g., sodium citrate). Therefore, 0.07% (w/v) of the surfactant 
Polysorbate 80 was added to the antibody in buffer A, 0.05% (w/v) Polysorbate 80 to the antibody in 
buffer B, 0.04% (w/v) Polysorbate 20 to the antibody in buffer C and 0.05% (w/v) Polysorbate 20 to 
the antibody in buffer D, respectively. The endotoxin concentration was directly determined after 
4. Differences in the masking behavior of purified endotoxins and NOEs. Recovery of endotoxin
from E. coli O55:B5 is shown over incubation time. 100 EU/mL of gel-filtrated endo oxin (black bars)
and sterile filtrated bacte ial suspension (gr y bars) were spiked into samples containing 10 mM
sodium citrate and 0.05% (w/v) Polysorbate 20. The samples wer incubated up to 14 days at RT ( )
and 4 ◦C (b).
Due to the fast kinetics of masking, the experiment was also performed at decreased incubation
temperature 2 to 8 ◦C (Figure 4b). The reduced incubation temperature was chosen, as endotoxin
masking can be decelerated, allowing a better resolution of slight differences in masking susceptibilities
(Figure 4b). After 2 days of incubation, 50% and 14% after 14 days of the initial endotoxin content
could be detected withi the NOE at 2 ◦C t 8 ◦ . In comparison, the recovery of phenol-extracted
endotoxin was already low after one day of incubation (27%) and no significant endotoxin content was
detectable after three days of incubation. At lower incubation temperature the detectability of NOE
decreased slower, compared to phenol-extracted endotoxin. However, both preparations of endotoxin
were affected by masking.
In consequence, endotoxin-masking kinetics can be affected by the extraction method of endotoxin,
but the kinetics rather depends on the source of bacteria than on the purification state of the endotoxin.
2.5. Masking Behavior of an Endogenous Endotoxin Contamination
For all of the examples above, the source of endotoxin was known. Endotoxins were consciously
added to samples containing surfactants and chelators. In order to examine a real endotoxin
contamination, the detectability of an endogenous contaminated monoclonal antibody was analyzed.
The lyophilized antibody was solubilized in four different chelator-containing buffer systems
(A: 25 mM sodium citrate pH 6.5, B: 10 mM sodium citrate pH 7.5, C: 160 mM trehalose and 10 mM
sodium phosphate pH 6.2 and D: 10 mM sodium phosphate pH 7.5). An average endotoxin activity of
135 EU/mL and 114 EU/mL was determined before and after sterile filtration, respectively (Figure 5a).
The different buffer systems as well as the filtration had no major effects on the detectability of the
endogenous endotoxin contamination of the antibody. Only small differences between the activity
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before and after the filtration step were observed. As expected, no masking was observed in the buffer
systems containing only the chelating agent. As is known from previous studies on the mechanism
of LER [20,21], masking is driven by a simultaneous presence of a surfactant (e.g., Polysorbate 20
or Polysorbate 80) and a chelator (e.g., sodium citrate). Therefore, 0.07% (w/v) of the surfactant
Polysorbate 80 was added to the antibody in buffer A, 0.05% (w/v) Polysorbate 80 to the antibody in
buffer B, 0.04% (w/v) Polysorbate 20 to the antibody in buffer C and 0.05% (w/v) Polysorbate 20 to the
antibody in buffer D, respectively. The endotoxin concentration was directly determined after adding
the detergents (day 0). Comparable activities as determined directly after filtration were observed
(Figure 5a). After an incubation of 3 days at room temperature, the endotoxin content was determined
again. A significant decrease (90% to 98%) of the endotoxin activity could be observed in all four
samples (Figure 5b).
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Figure 5. asking of s t xi t i ation. Endotoxin activity of an kno n
endotoxi conta i ti iff mL monoclonal antibody
( K33) were solubilized in 25 mM sodium citrate, pH 6.5 (buffer A); 10 mM sodium citrate, pH
7.5 (buffer B); 160 mM trehalose, 50 mM sodium phosphate pH 6.2 (buffer C) and 10 sodiu
phosphate, pH 7.5(buffer D). End toxin content was determined before and aft r sterile filtration
(0.2 µm) (a). For endotoxin detection EndoZyme® was used. After filtration 0.07% (w/v) and 0.05%
(w/v) polysorbate 80 were added to the sample in buffer A and B, respectively. 0.04% (w/v) and 0.05%
(w/v) polysorbate 20 were added to the sample in buffer C and buffer D, respectively. Endotoxin
activity was deter ined immediately after addition of polysorbate (day 0) and after incubation of three
days (day 3) at RT (b). For endotoxin detection the EndoLISA® was used.
Endotoxin masking was observed in all four antibody preparations, independent of the
composition of the masking buffer. According to previous publications, all of these buffers have
masking capabilities [20,21]. Thus, the results are consistent with the above mentioned data and
literature, no further replicates or statistical analysis of the data were performed. The present data
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show a series of experiments, in which NOEs can be masked under LER-conditions, but with various
masking kinetics. Individual masking kinetics are consistent when reproduced (Figure 3) or compared
to other experiments (Figures 2–4). Finally, the data clearly demonstrates that an endogenous endotoxin
contamination, which reflects a real naturally occurring endotoxin, is masked in a commonly occurring
formulation buffer of biologicals.
3. Discussion
Endotoxins are complex molecules originating from the outer membrane of Gram-negative
bacteria containing a hydrophobic lipid moiety and a polysaccharide moiety. The polysaccharide
part of the endotoxin is highly diverse and varies in number of sugars within a unit, the nature of
the linkages of the sugars, as well as the number of repetitive units. O-antigen sugars appear to
be most variable, core structures appear to be less variable. In contrast, lipid moieties of LPS are
considered highly conserved within a genus [1,37]. Gram-negative bacteria exhibit only minimal
growth requirements and can thus be found in clean water, processed water, or buffers [38], required
for the production of biopharmaceuticals. As endotoxins are strong stimulators of the human immune
system mediated by the Toll-like receptor 4 complex, monitoring of endotoxins is a crucial step in the
production of biopharmaceuticals. While the Limulus-based tests are the method of choice to test for a
potential endotoxin contamination, these have been challenged under the light of the low endotoxin
recovery phenomenon. To evaluate whether a sample is affected by LER, regulatory authorities request
hold-time studies to evaluate detection of an endotoxin spike in an undiluted drug product over time,
but the kind of endotoxin used as spike was under debate. Recent studies suggested the use of NOE
as standards for hold-time studies instead of purified endotoxin. Moreover, it is hypothesized that
masking of endotoxin is mainly induced by the use of purified endotoxin [39,40]. The authors claim
that the use of NOEs is closer to contaminations observed during biopharmaceutical drug production.
Purified endotoxins are not observed in nature and exhibit different properties due to the extraction
process and missing pieces like proteins or lipids. Hence, to investigate whether the phenomenon of
LER is limited to standardized endotoxins from E. coli, detectability of NOEs from different bacterial
species was studied in a typical biopharmaceutical drug product matrix containing polysorbate and
sodium citrate. Such a matrix has been shown to induce LER. In this work, it could be shown that
some NOEs were masked as well. However, masking of NOEs was shown to depend on species and
growth conditions. While no masking was observed over a 7-day period for NOEs from B. cepacia and
R. pickettii, masking was observed for crude extracts of E. coli, E. cloacae, S. marcescens, P. aeruginosa
and S. maltophilia. These results show endotoxins which are rapidly affected by LER (e.g., E. coli O113)
and endotoxins which are less affected by LER. Endotoxin from B. cepacia was not affected by masking
under given conditions. Regarding B. cepacia, it is described in the literature that the LPS possess
an unusual structure. The bacteria lower the anionic charge of the cell surface by the substitution of
4-amino-4-deoxyarabinose residues bound to phosphates of the lipid A backbone [41–43]. This might
explain the observed limited masking susceptibility. These results would prove NOEs unsuitable for
endotoxin hold-time studies. The absence of masking in a drug product could be due to the analyzed
species and its respective growth conditions. However, masking would be observed in this exact
drug product, if a different species had been used. It has to be pointed out that not all endotoxins are
similarly affected when growth conditions are modified. A change of masking susceptibility cannot
automatically be observed when comparing recovery kinetics of endotoxins from the same source, but
derived from different growth conditions.
These results can be explained with an adaptation of the bacteria to an unfavorable environment to
ensure viability. It is known that bacteria are able to modify their primary LPS structure under certain
growth conditions. Thereby they can reinforce the external membrane to assure optimal protection
against the environment [34]. Recent publications have claimed that the endotoxin extraction method is
the reason for LER, as the endotoxin is extracted from its native environment and can adopt non-natural
aggregation states. The present findings, using highly purified endotoxin and NOE from the same
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species (E. coli O55:B5), show that masking is not caused by the purification process itself, as both
preparations were similarly masked. At decreased temperature, the masking process of the NOE
was slower than observed for the purified endotoxin. These results indicate a change in the masking
kinetics, probably due to the additional elements like proteins and lipids within the crude extract.
However, masking characteristics remained unchanged, independent of the purification process. Taken
together, masking characteristics of a given endotoxin preparation are mainly influenced by growth
conditions, not by the purification process. With the exception of Schwarz et al. [4], all published
studies either used a purified endotoxin standard or a lab-derived NOE to analyze masking and
to simulate a possible contamination. Within this study, the masking behavior of an endogenous
endotoxin contamination affecting a commercial antibody was analyzed, as this represents a realistic
case. The contamination is observed in the final product and the bacterial species and source of the
contamination is unknown. This represents a scenario that pharmaceutical quality control departments
face during product release. The masking behavior of this contamination was analyzed using four
commonly used buffers for drug product formulation. Within all four buffers, rapid masking was
observed in the tested product. Less than 10% of the initial endotoxin activity was measured after
three days. These results clearly show that endotoxin masking is not linked to the purification process,
but rather to the molecular structure. This emphasized that NOEs are no solution to overcome LER,
as masking was also observed for an endogenous endotoxin contamination. The use of NOEs in
hold-time studies could instead be misleading, as masking would not be observed with the analyzed
product, but might indeed be observed with an endogenous contamination.
The origin of LPS is inevitably connected to the respective bacteria. However, an intrinsic
heterogeneity is certain. It is impossible to predict source and cause of potential bacterial endotoxin
contaminations of a sample. As a consequence, the masking susceptibility of a potential endotoxin
contamination is unknown, too. In order to ensure reliable detection of endotoxins, the masking
capability of a sample has to be evaluated. To analyze the masking capability of a sample, endotoxin
hold-time studies have to be performed with endotoxin spikes, that are susceptible to masking. The
results above have shown that standardized endotoxins from E. coli exhibit a pronounced susceptibility
to endotoxin masking and represent an appropriate source for endotoxin hold-time studies. With
regard to the heterogeneity of endotoxins and the diversity of sample compositions, a panel of different
endotoxins might be the safest way to determine the masking capability of a sample and to ensure
detectability of a potential contamination. A reference standard and an additional control standard
from different species could be used as such a panel. Lastly, as soon as a sample is identified with
the capability of endotoxin masking, a suitable detection method needs to be developed in order to
properly detect endotoxins and to avoid the underestimation of a contamination.
4. Material and Methods
4.1. Chemicals and Materials
Polysorbate 20, polysorbate 80, sodium chloride, sodium azide, trisodium citrate, phosphoric
acid, sodium dihydrogenphosphate, potasium dihydrogenphosphate, disodium hydrogen
phosphate-heptahydrate, 2-amino-2-(hydroxymethyl)-1,3-propanediol (tris), 2-mercaptoethanol,
isopropanol, D(+)-glucose, sodium chloride, calcium dichloride and magnesium dichloride were
obtained from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. Ammonium hydroxide,
formaldehyde and D(+)-trehalose-dihydrate were obtained from AppliChem GmbH, Darmstadt,
Germany. Acetic acid, glycerol, periodic acid, sodium hydroxide, silver nitrate, sodium dodecylsulfate
(SDS) and yeast extract (powdered) were obtained from Carl Roth GmbH & Co. KG, Karlsruhe,
Germany. Bromophenol blue sodium salt was obtained from Merck Chemicals GmbH, Darmstadt,
Germany. 20× Tris-tricine/SDS electrophoresis buffer were obtained from Serva Electrophoresis
GmbH, Heidelberg, Germany. The mouse monoclonal antibody (MAK33) was obtained from Roche
Diagnostics Deutschland GmbH, Mannheim, Germany. Tryptone Bacto TM was obtained from Becton
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Dickinson GmbH, Heidelberg, Germany. Depyrogenated water, depyrogenated borosilicate glass tubes
and recombinant Factor C tests, EndoZyme® and EndoLISA® were obtained from Hyglos GmbH,
Bernried, Germany. Prior to the experiments, all relevant materials were tested for endotoxins and
proven to contain less than 0.05 EU/mL.
4.2. Endotoxins and Bacteria
Endotoxin from Escherichia coli O55:B5 (gel-filtrate) was obtained from Sigma-Aldrich Chemie,
Steinheim, Germany. Freeze-dried bacteria from E. coli O55:B5 (DSM 4779), Enterobacter cloacae (DSM
30054) and Pseudomonas aeruginosa (DSM 500 71) were obtained from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. Freeze-dried bacteria from
E.coli O113 (Ecor 30) was obtained from Escherichia coli Reference Collection, East Lansing, USA.
Freeze-dried bacteria from Burkholderia cepacia (2008 B02-12.20.164) and Stenotrophomonas maltophilia
(DSMZ 50 170) were obtained from Robert Koch-Institute, Wernigerode, Germany. Bacteria from
Ralstonia pickettii (isolate) were a kind gift from Hyglos GmbH, Bernried, Germany.
4.3. Preparation of Crude Endotoxin Extracts (Naturally Occurring Endotoxins, NOEs) (Prep a)
For bacterial growth, 5 mL lysogeny broth (LB) media (10 g/L sodium chloride, 5 g/L yeast
extract and 10 g/L tryptone) were inoculated with the desired bacterial strain, followed by incubation
overnight at 37 ◦C in a shaking incubator (Platform shaker: Innova 2300, New Brunswick Scientific
Co, Enfield, USA; Incubator: Wärmeschrank für Plattformschüttler, Mytron Bio- und Solartechnik
GmbH, Heilbad Heiligenstadt, Germany). Afterwards, 200 µL of the preparatory culture were
transferred into 500 mL of media (12.8 g/L disodium hydrogenphosphat-heptahydrat, 3 g/L potassium
dihydrogenphosphat, 0.5 g/L sodium chlorid, 1 g/L ammonium chloride, 0.01 g/L calcium dichloride
and 0.4 wt% glucose) and incubated for 24 h at 37 ◦C. Growth of bacteria was monitored by light
absorption at 600 nm using a spectro photometer (V550 Jasco Germany GmbH, Gross-Umstadt,
Germany). Bacterial growth was stopped by temperature reduction to 4 ◦C. Crude bacterial extracts
(Natural occurring endotoxins) were prepared by centrifugation of the culture at 4500 rpm (Heraeus
Multifuge 3 S-R) and sterile filtration (0.2 µm, Pall GmbH, Dreieich, Germany) of the supernatant. For
conservation 0.05% (v/v) sodium azide were added. Required endotoxin concentrations for endotoxin
recovery studies were adjusted by dilution with depyrogenated water.
4.4. Preparation of NOEs from Bacteria Grown under Low-Nutrition Conditions (Prep b)
Five mL LB media (10 g/L sodium chloride, 5 g/L yeast extract and 10 g/L tryptone) were
inoculated with the desired bacterial strain, followed by incubation overnight at 37 ◦C in a shaking
incubator (Platform shaker: Innova 2300, New Brunswick Scientific Co, Enfield, USA; Incubator:
Wärmeschrank für Plattformschüttler, Mytron Bio- und Solartechnik GmbH, Heilbad Heiligenstadt,
Germany). Afterwards, the preparatory culture was transferred into 20 mL of LB media or a minimal
media (1% LB media in depyrogenated LRW) and incubated for 18 h at room temperature. Bacterial
growth was stopped by temperature reduction to 4 ◦C and sterile filtration (0.2 µm) of the bacterial
suspension. For conservation 0.05% (v/v) sodium azide was added. Required endotoxin concentrations
for endotoxin recovery studies were adjusted by dilution with depyrogenated water.
4.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Silver Staining
The NOEs of all different species were vortexed for 30 s. 40 µL of each sample were mixed
with 10 µL sodium dodecyl sulfate (SDS) loading buffer and boiled at 100 ◦C for 10 min. 18 µL
of these samples were loaded on a 20% gradient Tris-Tricin gel (Anamed Elektrophorese GmbH,
Rodau, Germany). The sodiumdodecylsulfatepolyacrylamid gelelectrophoresis was performed in
Tris-Tricine/SDS buffer at 130 V for 90 min. The gel was fixed overnight in fixation solution (25%
(v/v) isopropanol and 7% acetic acid) and oxidized for 5 min using an oxidation solution (0.06 g/mL
periodic acid, 0.33% (v/v) Isopropanol and 0.09% (v/v) acetic acid. The gel was washed 5 times in
Int. J. Mol. Sci. 2019, 20, 838 12 of 15
depyrogenated water and silver stained for 10 min in staining solution (350 µL sodium hydroxide
(8 M), 1 mL concentrated ammonium hydroxide (28% (w/v), 2 mL silver nitrate (20% w/v) and
75 mL depyrogenated water). The stained gel was washed 5 times with depyrogenated water and
developed for 10 min with the development solution (1 mg/mL citric acid, 0.037% formaldehyde). The
development was stopped using acetic acid (10% v/v).
4.6. Sample Masking Preparation for Masking Kinetics
Samples were prepared in 5 mL glass tubes with sample volumes of 1 mL per sample. Unless
otherwise described, samples were spiked with a 10-fold or concentrated stock solution of the respective
endotoxin. The pH of buffer components was adjusted to 7.5 if not otherwise described. Before adding
the spikes to the sample, the stock solution was shaken at 1400 rpm for 10 min. After spiking, the
samples were incubated at defined temperatures and for defined periods of time. Immediately after
incubation, the samples were mixed at 1400 rpm for 2 min again, and diluted in depyrogenated water
in order to avoid test interference. Necessary dilutions of the particular sample compositions were
determined prior to the actual experiment.
Samples with different incubation periods were measured on the same microtiter plate, to avoid
variation from test to test. Therefore, endotoxin recovery kinetics was performed in a reverse manner.
The particular sample was aliquoted and all aliquots were stored under equal conditions over time.
The aliquot with the longest endotoxin incubation period was spiked first (e.g., 7 days prior to the
measurement). Further aliquots with shorter incubation periods were spiked later in accordance
with the respective incubation period. The zero-time point aliquot was spiked immediately before
measurement. Resulting kinetics consists of various time points and reflects one experiment, if not
otherwise indicated.
The validity of the actual measurement was controlled by spiking the defined endotoxin amounts
into the diluted samples (Positive Product Control (PPC)). Endotoxin determination in a diluted sample
was considered valid, if 50% to 200% of the spiked endotoxin (PPC) was recovered. To control the
accuracy of the endotoxin spiked into the undiluted samples, equal amounts of endotoxin were spiked
into depyrogenated water (water control), mixed and identically incubated as the actual sample. The
spike into the undiluted sample was considered valid if the water control was in the range of 50% to
200% of the theoretical expected spike concentration.
For calculation of the recovery, the determined endotoxin concentrations in the tested samples
were compared to the endotoxin concentrations at time zero in water controls and stated as percent.
4.7. Sample Preparation using an Endogenous Endotoxin Contamination
The lyophilized monoclonal antibody (MAK33) was solubilized at a concentration of 10 mg/mL
in buffer A (25 mM sodium citrate, pH 6.5), buffer B (10 mM sodium citrate, pH 7.5), buffer C (160 mM
Trehalose, 50 mM sodium phosphate pH 6.2) and buffer D (10 mM sodium phosphate, pH 7.5). The
endotoxin concentration of the natural contamination was determined before and after sterile filtration
using the EndoZyme® assay. After filtration, 0.07% (v/v) polysorbate 80 were added to the sample in
buffer A, 0.05% (v/v) polysorbate 80 were added to the sample in buffer B, 0.04% (v/v) polysorbate
20 were added to the sample in buffer C and 0.05% (v/v) polysorbate 20 were added to the sample
in buffer D, respectively. The endotoxin content was determined immediately after the addition of
polysorbate (day 0) and after incubation at room temperature (19–25 ◦C) after 3 days (day 3) using the
EndoLISA® assay. For calculation of endotoxin recovery, the determined endotoxin concentrations
in the actual sample was compared to the determined endotoxin concentration in the water control
stated as percentage.
4.8. Endotoxin Detection
For bacterial endotoxin detection, Limulus-based tests (rFC) were used according to
manufacturer’s instructions. The amount of fluorescence substrate (amino-methylcoumarin) released
Int. J. Mol. Sci. 2019, 20, 838 13 of 15
was measured fluorometrically at 440 nm (Excitation: 380 nm) with a FLx800 fluorescence microplate
reader (BioTek Instruments GmbH, Bad Friedrichshall, Germany). All samples were measured in
duplicate and average values were used for further calculations. Standard curves were fitted using a
four-parameter logistic non-linear regression model. The detection limit of the assay was 0.005 EU/mL
(EndoZyme®) and 0.05 EU/mL (EndoLISA®). If not otherwise indicated, EndoZyme was used for
endotoxin detection.
Microsoft Excel 2010, Version 14.0.7015.1000 was used to calculate endotoxin recovery, plot
graphs and to simulate endotoxin recovery kinetics. Gen5 Data Analysis Software Version 2.05 from
BioTek Instruments GmbH, Bad Friedrichshall, Germany was used to calculate standard curves for
determination of endotoxin concentrations.
Author Contributions: J.R. was responsible for measurements, reading and writing. F.A.W. was responsible for
data curation and writing. H.T. and I.N. were responsible for details of the study concept, reading and writing.
H.M. was responsible for the general study concept and supervision.
Funding: This research received no external funding.
Acknowledgments: The authors wish to express their gratitude to the participating organizations, which enabled
a charitable and comprehensive, collaborative study between academia and industry.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Rietschel, E.T.; Kirikae, T.; Schade, F.U.; Mamat, U.; Schmidt, G.; Loppnow, H.; Ulmer, A.J.; Zähringer, U.;
Seydel, U.; Di Padova, F. Bacterial endotoxin: molecular relationships of structure to activity and function.
FASEB J. 1994, 8, 217–225. [CrossRef] [PubMed]
2. Rietschel, E.T.; Cavaillon, J.-M. Richard Pfeiffer and Alexandre Besredka: Creators of the concept of endotoxin
and anti-endotoxin. Microbes Infect. 2003, 5, 1407–1414. [CrossRef] [PubMed]
3. Maldonado, R.F.; Sá-Correia, I.; Valvano, M.A. Lipopolysaccharide modification in Gram-negative bacteria
during chronic infection. FEMS Microbiol. Rev. 2016, 40, 480–493. [CrossRef] [PubMed]
4. Schwarz, H.; Gornicec, J.; Neuper, T.; Parigiani, M.A.; Wallner, M.; Duschl, A.; Horejs-Hoeck, J. Biological
Activity of Masked Endotoxin. Sci. Rep. 2017, 7, 44750. [CrossRef] [PubMed]
5. Hurley, J.C. Endotoxemia: Methods of detection and clinical correlates. Clin. Microbiol. Rev. 1995, 8, 268–292.
[CrossRef] [PubMed]
6. Hort, E.C.; Penfold, W.J. Microorganisms and their Relation to Fever: Preliminary Communication. J. Hyg.
1912, 12, 361–390. [CrossRef] [PubMed]
7. Greisman, S.E.; Hornick, R.B. Comparative pyrogenic reactivity of rabbit and man to bacterial endotoxin.
Proc. Soc. Exp. Biol. Med. 1969, 131, 1154–1158. [CrossRef] [PubMed]
8. Fennrich, S.; Fischer, M.; Hartung, T.; Lexa, P.; Montag-Lessing, T.; Sonntag, H.G.; Weigandt, M.; Wendel, A.
Evaluation and further development of a pyrogenicity assay based on human whole blood. ALTEX 1998, 15,
123–128. [PubMed]
9. Fennrich, S.; Fischer, M.; Hartung, T.; Lexa, P.; Montag-Lessing, T.; Sonntag, H.G.; Weigandt, M.; Wendel, A.
Detection of endotoxins and other pyrogens using human whole blood. Dev. Biol. Stand. 1999, 101, 131–139.
[PubMed]
10. Schindler, S.; von Aulock, S.; Daneshian, M.; Hartung, T. Development, validation and applications of the
monocyte activation test for pyrogens based on human whole blood. ALTEX 2009, 26, 265–277. [CrossRef]
[PubMed]
11. Bang, F.B. A bacterial disease of Limulus Polyphemus. Bull. Johns Hopkins Hosp. 1956, 98, 325–351. [PubMed]
12. Levin, J.; Bang, F.B. Clottable protein in Limulus; Its localization and kinetics of its coagulation by endotoxin.
Thromb. Diath. Haemorrh. 1968, 19, 186–197. [PubMed]
13. Levin, J.; Bang, F.B. The role of endotoxin in the extracellular coagulation of limulus blood. Bull. Johns
Hopkins Hosp. 1964, 115, 265–274. [PubMed]
14. Ding, J.L.; Ho, B. Endotoxin Detection—From Limulus Amebocyte Lysate to Recombinant Factor C.
In Endotoxins: Structure, Function and Recognition; Springer: Dordrecht, The Netherlands, 2010; pp. 187–208.
Int. J. Mol. Sci. 2019, 20, 838 14 of 15
15. McCullough, K.Z.; Parenteral Drug Association. The Bacterial Endotoxins Test: A Practical Approach;
River Grove: Bethesda, MD, USA, 2011.
16. Williams, K.L.; Roberts, K.; Nnalue, N.A. Endotoxins Pyrogens, LAL Testing and Depyrogenation, 2nd ed.;
Dekker: New York, NY, USA, 2001.
17. Chen, J.; Vinther, A. Low endotoxin recovery in common biologics products. In Proceedings of the PDA
Annual Meeting, Orlando, FL, USA, 15–17 April 2013.
18. Bolden, J.S.; Claerbout, M.E.; Miner, M.K.; Murphy, M.A.; Smith, K.R.; Warburton, R.E. Evidence Against
a Bacterial Endotoxin Masking Effect in Biologic Drug Products by Limulus Amebocyte Lysate Detection.
PDA J. Pharm. Sci. Technol. 2014, 68, 472–477. [CrossRef] [PubMed]
19. Bolden, J.; Knight, M.; Stockman, S.; Omokoko, B. Results of a harmonized endotoxin recovery study protocol
evaluation by 14 BioPhorum Operations Group (BPOG) member companies. Biologicals 2017, 48, 74–81.
[CrossRef] [PubMed]
20. Reich, J.; Lang, P.; Grallert, H.; Motschmann, H. Masking of endotoxin in surfactant samples: Effects on
Limulus-based detection systems. Biologicals 2016, 44, 417–422. [CrossRef] [PubMed]
21. Reich, J.; Tamura, H.; Nagaoka, I.; Motschmann, H. Investigation of the kinetics and mechanism of low
endotoxin recovery in a matrix for biopharmaceutical drug products. Biologicals 2018, 53, 1–9. [CrossRef]
[PubMed]
22. Tsuchiya, M. Factors Affecting Reduction of Reference Endotoxin Standard Activity Caused by Chelating
Agent/Detergent Matrices: Kinetic Analysis of Low Endotoxin Recovery. PDA J. Pharm. Sci. Technol. 2017,
71, 478–487. [CrossRef] [PubMed]
23. Rudbach, J.A.; Akiya, F.I.; Elin, R.J.; Hochstein, H.D.; Luoma, M.K.; Milner, E.C.; Milner, K.C.; Thomas, K.R.
Preparation and properties of a national reference endotoxin. J. Clin. Microbiol. 1976, 3, 21–25. [PubMed]
24. Cooper, J.F. LER: Microbiology’s Hottest Urban Myth. Available online: https://www.
americanpharmaceuticalreview.com/Featured-Articles/181837-LER-Microbiology-s-Hottest-Urban-
Myth/ (accessed on 30 November 2015).
25. Platco, C.; Kave, J.; Tidswell, E. Resolution of Low Endotoxin/Lipopolysaccharide Recovery (LER/LLR)
Testing. Available online: https://www.americanpharmaceuticalreview.com/Featured-Articles/190994-
Resolution-of-Low-Endotoxin-Lipopolysaccharide-Recovery-LER-LLR-Testing/ (accessed on 30 July 2016).
26. Erridge, C.; Bennett-Guerrero, E.; Poxton, I.R. Structure and function of lipopolysaccharides. Microbes Infect.
2002, 4, 837–851. [CrossRef]
27. IMattsby-Baltzer; Mielniczuk, Z.; Larsson, L.; Lindgren, K.; Goodwin, S. Lipid A in Helicobacter pylori.
Infect. Immun. 1992, 60, 4383–4387.
28. Steimle, A.; Autenrieth, I.B.; Frick, J.-S. Structure and function: Lipid A modifications in commensals and
pathogens. Int. J. Med. Microbiol. 2016, 306, 290–301. [CrossRef] [PubMed]
29. Peterson, A.A.; Munford, R.S. Dephosphorylation of the lipid A moiety of Escherichia coli lipopolysaccharide
by mouse macrophages. Infect. Immun. 1987, 55, 974–978. [PubMed]
30. Bowers, K.; Lynn, T. Creation of an in-house naturally occurring endotoxin preparation for use in endotoxin
spiking studies and LAL sample hold time analysis. Am. Pharm. Rev. 2011, 14, 92–97.
31. Dubczak, J. The Great LER Debate. Available online: https://www.outsourcedpharma.com/doc/the-great-
ler-debate-0001 (accessed on 28 January 2016).
32. Lüderitz, O.; Staub, A.M.; Westphal, O. Immunochemistry of O and R antigens of Salmonella and related
Enterobacteriaceae. Bacteriol. Rev. 1966, 30, 192–255. [PubMed]
33. Bradley, S.G. Cellular and molecular mechanisms of action of bacterial endotoxins. Annu. Rev. Microbiol.
1979, 33, 67–94. [CrossRef]
34. Yan, A.; Guan, Z.; Raetz, C.R.H. An undecaprenyl phosphate-aminoarabinose flippase required for
polymyxin resistance in Escherichia coli. J. Biol. Chem. 2007, 282, 36077–36089. [CrossRef] [PubMed]
35. Correa, W.; Brandenburg, K.; Zähringer, U.; Ravuri, K.; Khan, T.; von Wintzingerode, F. Biophysical
Analysis of Lipopolysaccharide Formulations for an Understanding of the Low Endotoxin Recovery (LER)
Phenomenon. Int. J. Mol. Sci. 2017, 18, 2737. [CrossRef] [PubMed]
36. Department of Health and Human Services Food and Drug Administration; Center for Drug Evaluation
and Research (CDER) Center for Veterinary Medicine (CVM). Bioanalytical Method Validation Guidance for
Industry. Available online: https://www.fda.gov/downloads/drugs/guidances/ucm070107.pdf (accessed
on 24 May 2018).
Int. J. Mol. Sci. 2019, 20, 838 15 of 15
37. Caroff, M.; Karibian, D. Structure of bacterial lipopolysaccharides. Carbohydr. Res. 2003, 338, 2431–2447.
[CrossRef] [PubMed]
38. Survarna, K.; Lolas, A.; Hughes, P.; Friedman, R.L. Case Studies of Microbial Contamination in Biologic
Product Manufacturing. Available online: https://www.americanpharmaceuticalreview.com/Featured-
Articles/36755-Case-Studies-of-Microbial-Contamination-in-Biologic-Product-Manufacturing/ (accessed
on 1 January 2011).
39. Platco, C. Low Lipopolysaccharide Recovery versus Low Endotoxin Recovery in Common Biological
Product Matrices. Available online: https://www.americanpharmaceuticalreview.com/Featured-Articles/
167451-Low-Lipopolysaccharide-Recovery-versus-Low-Endotoxin-Recovery-in-Common-Biological-
Product-Matrices/ (accessed on 1 September 2014).
40. Tirumalai, R. Naturally Occurring Endotoxin: A New Reference Material Proposed By the US Pharmacopeia.
Available online: https://www.americanpharmaceuticalreview.com/Featured-Articles/190860-Naturally-
Occurring-Endotoxin-A-New-Reference-Material-Proposed-By-the-US-Pharmacopeia/ (accessed on 29
July 2016).
41. Groisman, E.A.; Kayser, J.; Soncini, F.C. Regulation of polymyxin resistance and adaptation to low-Mg2+
environments. J. Bacteriol. 1997, 179, 7040–7045. [CrossRef]
42. Silipo, A. Full structural characterization of the lipid A components from the Agrobacterium tumefaciens
strain C58 lipopolysaccharide fraction. Glycobiology 2004, 14, 805–815. [CrossRef] [PubMed]
43. Vinion-Dubiel, A.D.; Goldberg, J.B. Lipopolysaccharide of Burkholderia cepacian complex. J. Endotoxin Res.
2003, 9, 201–213. [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
